. It follows that the two amplitudes can both bec orne large only if Eel and Ee2 differ by less than J'ir, i.e. near the crossing point B = Ba. It is then easy to understand why the interference term between the two scattering amplitudes associated with the processes of Fig. 2 Another way of interpreting the previous effects is to consider that the absorption of the incident photon prepares the atom in a linear superposition of the two excited Zeeman sublevels el and e2• ln other words, the density matrix a which de scribes the excited atomic state has not only diagonal elements all=<e1Iale1> and a22= <e21 a 1 e2>, which represent the populations of el and e2, but also off-diagonal elements
(within J'ir). It follows that the two amplitudes can both bec orne large only if Eel and Ee2 differ by less than J'ir, i.e. near the crossing point B = Ba. It is then easy to understand why the interference term between the two scattering amplitudes associated with the processes of Fig. 2 gives rise to resonant variations of the scattered light when B is scanned around Ba, in an interval determined by 1 Eel -Ee21~J'ir. Such a resonance, which is Doppler free, can be observed around Ba = 0, since all Zeeman sublevels cross in zero field. This is the well known Hanle effect [1] . Two Zeeman sublevels belonging to two different hyperfine levels can also cross for a non zero value of Ba. The corresponding resonant variations of the scattered light around Ba are known as the Franken effect [2] .
Another way of interpreting the previous effects is to consider that the absorption of the incident photon prepares the atom in a linear superposition of the two excited Zeeman sublevels el and e2• ln other words, the density matrix a which de scribes the excited atomic state has not only diagonal elements all=<e1Iale1> and a22= <e21 a 1 e2>, which represent the populations of el and e2, but also off-diagonal elements a 12 = <e11 a 1 e2> = ail.
When such "Zeeman coherences" exist, there is sorne anisotropy in the atomic excited state in the plane perpendicular to B, described by a transverse orientation «J +> -=1= 0, where J + = Jx + iJy, J being the angular momentum and the z -axis being taken along B), or a transverse alignment «JJ +> -=1= 0 or <J~> -=1= 0). The intensity of the light emitted by the atom in a given direction generally depends When an atom, in a linear superposition of states, absorbs or emits light, interference can occur between two different absorption or emission amplitudes, giving rise to observable physical effects, such as level crossing resonances, quantum beats, and dark states. Early experimental demonstrations of effects of this kind, using an optical detection of the atomic internai state, are briefly reviewed. ln fact, such interference effects are still playing a fundamental role in modern developments, such as laser cooling and trapping. We present in this paper a few examples of such applications, including the mechanical Hanle effect, velocity selective resonances for an atom moving in a standing wave and subrecoillaser cooling by Velocity Selective Coherent Population Trapping (VSCPT).
Introduction
One of the most fascinating features of quantum mechanics is the fact that quantum amplitudes interfere. Several exampIes of such interferences can be found in radiative processes. Consider for example a photon scattering process k --+ k' by an atom in a magnetic field B, k and k' being the wave vectors of the incident and scattered photon, respectively ( Fig. la) . We suppose that the atom has two Zeeman sublevels el and e2 which cross for a certain value Ba of the field (Fig. lb) . Near resonance, there are two important paths which contribute to the scattering amplitude and which are represented by the two diagrams of Fig. 2 . The atom in 9 absorbs the incident photon and goes into el (Fig. 2a) or e2 (Fig. 2b) , and then emits the scattered photon k' while returning to g. The two paths have the same initial and final states, but different intermediate states. Therefore, the two corresponding amplitudes interfere. The amplitude of the process of Fig. 2a becomes large when the energy splitting E"1 -Eg between el and 9 is equal to the energy When the amplitude B of the magnetic field is scanned, two excited Zeeman sublevels of the atom el and e2 cross for a certain value Bo of B. We suppose here that the atom has a single ground state Zeeman sublevel g. * Laboratoire associé au CNRS et à l'Université Pierre et Marie Curie. Fig. 2 . Diagrammatic representation of the two scattering processes which contribute to the resonant scattering amplitude. The absorption of the incident photon k excites the atom either to el (Fig. a) or to e2 (Fig. b) . The atom then returns to g by emission of the scattered photon k' . c5(t) being the delta fonction (more physicaIly, one uses a pulse of exciting light, with a duration much smaller than li/l El -E21 and 1/r). For T > 0, the solution of equation
(1) reads on such an anisotropy. ln order to interpret the variations of the fluorescence light when an external parameter, such as B, is varied, one needs to determine the corresponding variations of 0"12 (and also of 0"11 and 0"22)' ln several cases [3, 4J, it is possible to establish a rate equation for 0"12 having the following form.
Level crossing resonances in atomic ground states

Optical pumping and light shifts
The principle of optical pumping is weIl known [8J and can be simply explained for an atomic transition connecting a ground state with an angular momentum 19 = 1/2 to an excited state with angular momentum le = 1/2 (Fig. 3 ).
Suppose that a right circularly polarized (0"+) light beam propagating along the z -axis excites resonantly such a transition for atoms contained in a cell (Fig. 3a) . The frequency WL of the light is equal to the atomic frequency W A . Let !g±1/2)z and le±1/2)Z be the eigenstates of lz in 9 and e, respectively. Because of the polarization selection mIes, the 0"+ resonant light can excite only the !1m = 1 transition
Atoms initially in !g-1/2)z can thus be excited in le+1/2)z from where they can fall back, either in 1 9 -1/2)z by spontaneous emission of a 0"+ photon, in which case the same cycle can be repeated, or in ! 9 + 1/2)z by spontaneous emission of a n photon, in which case they remain trapped in 1 9 + 1/2) z because no 0"+ transition starts from (Fig. 3b) . Such optical pumping cycles
are a simple and efficient in the atomic ground state g. Similar equations of motion can be established [3, 4J for the atomic density matrix in g. Zeeman (or hyperfine) coherences can be introduced in g, either by the optical excitation itself, using for example a transverse or modulated optical pumping, or by applying a resonant radiofrequency (or microwave) field which drives a transition connecting two ground state sublevels belonging to the same hyperfine level (or to two different hyperfine levels). Resonances similar to those described above can be observed in atomic ground states by monitoring the absorbed light or the reemitted light. Because relaxation times are much longer in the ground state 9 than in the excited state e, the se resonances are much narrower. ln this paper, we review a few of these narrow resonances associated with linear superpositions of atomic ground state sublevels. They were first observed, using an optical detection of the atomic internaI state. We also describe new applications of these narrow resonances in the field of laser cooling and trapping by showing how the motion of the atomic center of mass can be influenced and controlled by preparing the atom in a linear superposition of ground state sublevels.
After a brief reminder on optical pumping and light shifts, we describe in section 2 a few applications of level crossing resonances in atomic ground states. We show how they can be used to detect very weak magne tic fields (less than 10-9 Gauss), or to change an atomic trajectory. We then consider in section 3 the case when Zeeman coherences in gare introduced by a modulated transverse pumping or by a resonant radiofrequency field. We also interpret in this way the so-called "velocity selective resonances" for an atom moving in a standing wave. Finally we discuss in section 4 the quenching of absorption of light by coherent population trapping. After a brief description of the first observation of this effect on sodium atoms excited by a multimode laser beam, we show how velocity selective coherent population trapping can be used to cool atoms below the limit corresponding to the recoil kinetic energy of an atom absorbing or emitting a single photon.
Equation (1) then admits a solution ofthe form:
which shows that 0"12 contains modulations at the same frequency 0. as the exciting light and which exhibit resonant variations when El -E2 is scanned around lin. Such resonant modulations of the fluorescence light have been observed by Corney and Series on cadmium atoms [5] . Another interesting situation is found when one uses a percussion al excitation:
Such damped oscillations at the frequency (El -E2)11i are nothing but the so-called " quantum beats" and they have been first observed in 1964 on cadmium atoms [6] .
Note finally that, even if it is not prepared directly by the optical excitation (R = 0), 0"12 can build up from 0"11 -0"22 under the effect of a resonant radiofrequency field B1 e-mt, perpendicular to B. Modulations then appear in 0"12 which are resonant when the frequency 0. of the RF field is close to (El -E2)11i. The corresponding modulations at frequency 0. of the fluorescence light have been called " light beats" [7] . AIl the previous considerations can be easily extended to the case when there are several Zeeman sublevels gl, g2 ... , ' ln the absence of external static magnetic field, the two Zeeman sublevels which are degenerate when the light beam is off, becorne separated by an amount equal to the light shift of levell g _ 1/2) z when the light beam is on. This shows that a (1+ non-resonant light beam produces in a 19 = 1/2 atomic ground state energy splittings which are equivalent to those which would be produced by a fictitious magnetic field Bf paraUel to the direction of propagation of the light beam [9] . Such a result will be useful for the interpretation of a recent experiment described in a subsequent section ( § 3.2).
Transverse optical pumping
We suppose now that a static magnetic field Bo is applied along the z-axis and that the (1+ resonant pumping beam propagates along the x-axis, i.e. in a direction transverse with respect to the quantization axis defined by Bo (Fig. 4a) . We have then a competition between two processes with different symmetries.
(i) Optical pumping which tends to prepare atoms in a spin state oriented along the direction of the (1+ resonant light beam, i.e. in the eigenstate 1 g + 1/2)X of 1x' which is a linear superposition of the eigenstates 1 g + 1/2)z and 1 g -1/2) z of 1z. (7) (ii) Coupling with the static field Bo, which introduces an energy splitting FiQL between 1 g + 1/2)z and 1 g -1/2)z, proportional to Bo, giving rise to a Larmor precession of the spins around the z -axis at the Larmor frequency QL' When Bo is increased, the state 1 g+1/2)X into which atoms are optically pumped is coupled by the Zeeman Hamiltonian describing the interaction with Bo to 1 g -1/2)x' ln other words, the Larmor precession in the plane perpendicular to Bo transforms 1 g +1/2)x into a linear superposition of 1g + 1/2)x and Ig -1/2)x' Since (1+ transitions (with respect to the x-axis) can start from 1 g -1/2)X (see Fig. 3b , where z now is replaced by x), an atom in such a linear superposition can absorb light and this explains why the fluorescence reappears when Bo is increased (see Fig. 4b ). ln fact, the coherent Larmor precession is interrupted by optical pumping and relaxation processes which occur at a rate 'r; 1~'rp 1 + 'ri 1, where 'rg is the total damping time in the ground state. If QL 'rg~1, the spin rotates by a very small angle during the damping time 'rg, so that the steady-state fluorescence rate RF remains very small. If on the other hand QL 'rg~1, the rotation angle is very large and the spin orientation is equally distributed in the plane perpendicular to Bo leading to a plateau for RF' The critical value [)Bo of the field giving the width of the narrow dip of Fig. 4b, 3. Ground state Zeeman coherences induced by a modulated transverse pumping or a resonant RF field
Afew early experiments
We consider first transverse pumping experiments with modulated light. The experiment scheme is the same as in Fig. 4a . The static field Bo is now large and we have OL 7:g1 , so that the spin orientation introduced along Ox is completely smeared out by the Larmor precession around Bo. Suppose that the light intensity, instead of being constant, is modulated at the frequency 0 and consider the simple case where it consists of pulses equally spaced in time, with a separation 2n/O between two successive pulses. Just after a pulse, a spin is optically pumped along the x-axis. When the next pulse arrives, such a spin has rotated by an angle () = OL 2n/O. If OL = 0, () = 2n and the spin is again oriented along the x -axis, so that it will not be perturbed by the new pulse since it cannot absorb it. Furthermore, the new pulse will optically pump new atoms whose spins are in phase with the previous ones, so that there will be cumulative effect of optical pumping: one gets a net spin orientation rotating at frequency 0 and whose amplitude and which can absorb light. The corresponding increase of radiation pressure gives rise to a larger deflection. By putting along the y-axis, and slightly offaxis in the horizontal plane, a detector which records the metastable helium atoms, one gets a signal which is sensitive to the deflection of the atoms and whose variations with Bo are represented in Fig. 6b . The narrow dip of Fig. 6b pro vides a mechanical detection of the level crossing resonance in the metastable state of helium. It has been very useful for adjusting in situ the static magnetic field to zero in subrecoillaser cooling experiments. The number of metastable atoms in the beam is rather small and an optical detection of the resonance by observation of the fluorescence light emitted on the 23 P 1~23 S1 transition is difficult. On the other hand, detection of metastable atoms which carry a large internaI energy is very sensitive. 
Mechanical detection of the leuel crossing resonance
The analysis of the previous section shows that the amount of light absorbed by an atom in a transverse optical pumping experiment varies in a resonant way when the magnetic field B is scanned around O. The momentum absorbed by the atom, and consequently the radiation pressure force exerted by the pumping beam, should therefore exhibit similar resonant variations. Level crossing resonances in atomic ground states can thus be ais a detected by a modification of atomic trajectories.
An experiment of this type has been performed on metastable helium atoms [13] . Fig. 6a gives a sketch of the experimental set up. A beam of helium atoms in the 23 S 1 metastable state propagates along the y-axis. A 0-+ resonant laser beam, propagating along the x-axis excites the tran- Level crossing resonances, analogous to the one of Fig.  4b , have been observed in the ground state of cadmium atoms [lOJ and rubidium atoms [11] . The ground state paramagnetism in the first case is due to the nuclear spin of cadmium, and to the electron spin in the second case, leading to higher values of 0L, of the order of 106 Hz per Gauss. ln paraffin coated cells, the damping time 7:g of rubidium atoms in g can reach values of the order of 1 sec, so that DBo is, according to Eq. (8) , very small, on the order of 10 -6 Gauss. Fig. 5a gives an example of level crossing resonance observed in the ground state of 87Rb [11] . A modulation of the amplitude of Bo allows one to get dispersion shaped curves more convenient than the absorption shaped curve of Fig. 4b for measuring the center of the resonance. The signal to noise ratio is very high, on the order of 104 sa that very small variations of Bo can be easily detected. Fig. 5b shows the response of the signal to applied square variations of Bo , with an amplitude of 2.10 -9 Gauss. One sees that one can detect variations of the static field on the order of 5.10-10 Gauss. Such a magnetometer has been used to detect the magnetostatic field produced at a macroscopic distance (~6 cm) by a gaseous sample of 3He atoms, whose nuclei were oriented by optical pumping [12] . signal is here proportional to the transverse spin orientation. But it is now an optical signal, much more sensitive than a radio-frequency one. Figure 7 gives for example detection signaIs of the nuclear magnetic resonance in the ground state of 199Hg, which has a purely nuclear paramagnetism. Such signaIs are obtained by monitoring the modulation of the absorption of a weak transverse beam. Although there are only about 1012 oriented nuclei per cm3 in a cell of about 10 cm 3, the signal to noise ratio is quite good. With such a low density, an usual radio-frequency detection of NMR would be rather difficult. phase will vary in a resonant way when 0 is scanned around OL (or when, 0 being fixed, Bo is scanned around the value corresponding to 0L = 0). Such resonant modulations of the spin orientation in g, which have been first observed on sodium atoms [14] , are the equivalent for atomic ground states of the resonances described by equations (3) and (4) for atomic excited states.
We de scribe now another experiment which can be considered as the extension to atomic ground states of the lightbeat experiment of George Series. A longitudinal (J+ polarized beam (parallel to Bo) optically pumps the atoms in the state 1 g + 1/2)z (see Fig. 3 ). Under the effect of a resonant RF field BI cos Ot, perpendicular to Bo, such astate is transformed into a linear superposition of 1 g + 1/2)z and
which gives rise to a transverse spin orientation rotating at frequency 0 in the plane perpendicular to Bo, with an amplitude and a phase varying in a resonant way around OL = O. If now we apply a weak probe (J + -polarized beam along the x-axis, the absorption of such a probe beam will be modulated at frequency 0 by the rotating spin orientation: the (J+ probe beam is not absorbed when the spins are in the 1 g + 1/2)x state whereas it is absorbed when the spins are in the 1 g _ 1/2>x sta te. As in usual magnetic resonance experiments where one detects the voltage induced in a coil by the rotating magnetic moments, the detection 
Velocity selective resonances
We describe now a recent laser cooling experiment [15] and show how velocity selective resonances observed in this experiment can be interpreted in terms of a modulated transverse optical pumping. 
Consider an atom moving along the x-axis with a velocity
Vx' Because the intensity of the standing wave is spatially modulated with a period A./2 = n/k, such an atom "sees" a are thus no longer in phase, so that M x(t)dB f(t) # O. We have now an exchange of energy between the atom and the field and F x is no longer equal to zero. AlI these results are summarized in Fig. 9 and there is, in addition, a cooling around this value of Vx. One can 'understand in this way the narrow peaks which can be observed in the transverse velocity profile of the transmitted atomic beam, and which appear around non zero values of vx, proportional to Ba [15] .
Quenching of absorption by coherent population trapping
Black Zines
ln 1976, Adriano Gozzini and his colleagues observed a very interesting effect which they called " black lines" [16] . Consider a multimode laser passing through a sodium cell in a magnetic field gradient. When the laser frequency is close to resonance, the fluorescence of the sodium vapor is excited and the path of the beam is bright. However, at certain positions along the laser beam, the fluorescence disPhysica Scripta T70 appears, which gives rise to a narrow black line perpendicular to the direction of the laser beam (see Fig. 10 ).
A closer examination of the parameters which determine the position of the black line reveals that the quenching of the fluorescence occurs at the places where the frequency splitting (jv between the laser modes equals the hyperfine frequency splitting between two Zeeman sublevels 1 FI' ml> and 1 Fz , mz> belonging to the two ground hyperfine levels FI and F z of sodium atoms. Because of the magnetic field gradient, the Zeeman shifts of 1 F l' ml> and 1 F z, mz> are position dependent and this explains why the resonance condition is fulfilled only at certain positions. Consider the simplified model of Fig. 11 where a three-Ievel atom with two Zeeman sublevels gl and gz and a single excited sublevel eo is excited by two laser fields with frequencies WLl and WL2, exciting the transitions gl~eo and gz~eo, respectively. Let n11 be the detuning from resonance for the stimulated Raman process consisting of the absorption of one photon WLl and the stimulated emission of one WLZ photon, the atom going from gl to gz (Fig. 11) . The experimental results of Ref. 16 show that the fluorescence disappears when 11 = O. e 9, Fig. 11 . Three-Ievel atom {gl' gz, go} excited by two laser fields with frequencies COLl and COLZexciting the transitions gl <-> eo and gz <-> eo' respectively. /iL\. is the detuning from resonance for the stimulated Raman process induced between gl and gz by the two laser fields COLl and COLZ· Soon after the discovery of black lines, a theoretical analysis was performed [17J consisting in solving the optical Bloch equations for the density matrix (J of the simplified three-Ievel model of Fig. 11 . For the variations with~of the fluorescence rate RF = r<eo 1 (JI eo) (r being the spontaneous emission rate from eo), one finds the results sketched in Fig. 12 : RF strictly vanishes for~= O. The narrow dip of Fig. 12 has a width r' determined by the damping rates of the ground state which are much smaller than the damping rate r of the excited state eo, responsible for the slow decrease of RF appearing in Fig. 12 for large values of~. Another important result of such a calculation is that the vanishing of <eo 1 (J 1 eo) for~= 0 is accompanied by the appearance of a "hyperfine coherence" <gll (J 1 g2) whose modulus is equal to 1 for~= O. ln other words, the black line is associated with a trapping of atoms in a linear superposition of the ground state sublevels gl and g2, such that the two absorption amplitudes from gl to eo and from g2 to eo interfere destructively.
The dressed-atom approach is also very useful for analyzing such an effect [18] . The uncoupled states of the atom + laser photons system are grouped into well separated three-dimensional manifolds of closely spaced states. 
Subrecoillaser cooling by velocity selective coherent population trapping (VSCPT)
The quenching of absorption by quantum interference effects has recently found interesting applications in the field of laser cooling. By introducing a velocity dependence in coherent population trapping, it has been possible to cool atoms below the so called recoillimit corresponding to the kinetic energy of an atom initially at rest and absorbing or emitting a single photon. The basic idea consists in making the detuning L\ from resonance for the stimulated Raman process of Fig. 11 proportional to the atomic velocity v. ln a one-dimensional laser cooling experiment along the z-axis, this is achieved by taking the two laser beams counterpropagating along this axis and by adjusting wLl and WL2 so that (12) If the atomic velocity v along the z -axis is equal to zero, there is no Doppler shift and equation (12) For such an atom, L\ = 0 and the absorption of light is quenched. Consequently, there is no spontaneous reemission and no associated random recoil. One protects in this way ultracold atoms (with v~0) from the "bad" effects of the light. On the other hand, atoms with v#-O can absorb and reemit light. ln such an absorption-spontaneous emission cycle, their velocities change in a random way and the corresponding random walk in v-space can transfer atoms from the v#-O absorbing states into the v~0 dark states where they remain trapped and accumula te (see Fig. 13 ). This reminds us of what happens in a Kundt's tube where sand grains vibrate in an acoustic standing wave and accumulate 
Conclusion
1 have reviewed in this paper several quantum interference effects which can be observed on the light absorbed or emitted by an atom which has been prepared in a linear superposition of two ground state or two excited state Zeeman sublevels. Such effects were discovered and studied several decades ago by physicists working in atomic physics, optical pumping and high resolution spectroscopy. 1 would like to dedicate this paper to three of these physicists, who have played a decisive role in the discovery and the investigation of these effects and who passed away recently : Wilhelm Hanle, Adriano Gozzini and George Series. 1 think that the best tribute that 1 could pay to their memory is to show, as 1 have tried to do here, that their ideas are still finding new important and fruitful applications in recent expanding research fields such as the laser manipulation of atoms. (13) at the nodes of this wave where they no longer move. Note however that the random walk takes place in velo city space for the situation considered in Fig. 13 , whereas it takes place in position space in a Kundt's tube.
Such a cooling mechanism has been demonstrated with met astable helium atoms [19] shows that there is in principle no lower limit to the temperature T which can be achieved by VSCPT.
Two important theoretical developments have recently extended the applicability of VSCPT. First, it has been shown [21J that it is possible to ex tend VSCPT to two and three dimensions for a J g = 1~Je = 1 transition. One finds in such a case that the dark state into which atoms are cooled is described by the same vector field as the laser field. More precisely, if the laser field is formed by a linear superposition of N plane waves with wave vectors k;(i = 1, 2, ... N) having the same modulus k, one finds that atoms are pumped into a coherent superposition of N wave packets with mean momenta hki and with a momentum spread bp which becomes smaller and smaller when the interaction time e increases. Secondly, it has been shown [22-24J that it is possible to improve VSCPT with a precooling associated with a friction force pushing atoms to p = 0 in p-space. This is important for the extension of VSCPT to two and three dimensions since a pure random walk, such as in Fig.  13 
